1. Introduction {#sec1}
===============

For quite a long time a significant attention has been made to study the thermodynamics of biologically important small molecules such as amino acids in dilute aqueous electrolyte solutions. It provides valuable information about the nature of the interactions between polar and nonpolar groups, water and aqueous electrolytes and thus contributes in understanding the chemistry of protein like complex systems in aqueous medium \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6]\]. In this case the solubility data are necessary to explain the thermodynamics and useful in the clarification of solute--solute and solute--solvent interactions \[[@bib7], [@bib8]\]. Solubility is also important to design and optimize various industrial processes such as chemical, pharmaceutical, food, cosmetics and biodegradable plastic industries \[[@bib9], [@bib10], [@bib11], [@bib12]\]. The solvation thermodynamics of amino acids also play crucial role in dissolution and purification of proteins [@bib13].

Glycine is the simplest amino acid having no hydrophobic side chain whereas D,L-alanine and D,L- nor-valine consist of hydrophobic side chains such as CH~3~- and CH~3~--CH(CH~3~)-, respectively. On the other hand, D,L-serine contains a hydrophobic aliphatic hydrocarbon group (--CH~2~-) attached with one hydrophilic hydroxyl (--OH) moiety \[[Table 1](#tbl1){ref-type="table"}\]. These structural differences may affect solvation factors which are very important for their separation from excess reagents and other impurities in aqueous solution. This is a demanding task which is often done by crystallization or precipitation processes [@bib14]. Interestingly the separation price of amino acids has been found as about 50% of the entire production cost \[[@bib7], [@bib11], [@bib14]\]. The influence of electrolytes ions has a significant role on separation of amino acids from raw materials. So, the solubility study of amino acids in the presence different electrolytes helps us to draw an idea in designing appropriate model for the purification of different amino acids.Table 1Specification of chemical samples.Table 1NameSourceInitial purity[a](#tbl1fna){ref-type="table-fn"} (% of mass fraction purity)Purification methodGlycineE. Merck, INDIA99.8 % (mass)Dried in vacuum desiccatorDL-alanineE. Merck, INDIA99.8 % (mass)drying in a dehydrator with silica gelDL-nor-valineE. Merck, INDIA99.8 % (mass)Dried in vacuum desiccatorD,L-serineE. Merck, INDIA99.8 % (mass)drying in a dehydrator with silica gelPotassium sulfateE. Merck, INDIA99 %Oven driedWaterdistillation[^1]

The aim of the present work is to find out the effect of hydrophobic alkyl group and the influence of ionic --NH~2~ and --COOH groups on the solubility of the experimental amino acids in the presence of electrolyte. On the other hand the amino acids have been used extensively as model compound for more complex biomolecules such as proteins, but a more thoughtful understanding of the electrolyte effect on amino acid solutions is still desirable to reveal the molecular interactions between salts and protein functional groups \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6]\]. From the theoretical point of view the interactions between electrolyte ions and small molecules with biological macromolecules are of substantial importance in determining the nature of macromolecules. In particular, information on the thermodynamic solvation properties of amino acids in aqueous salt solutions helps to realize the conformational changes of molecules in solution produced by the addition of denaturants, or by the transport of charged solutes across membranes. So, we choose homologous series of amino acids such as glycine, D,L-alanine, D,L-nor-valine and D,L-serine and estimated saturated solubility in the presence of aqueous K~2~SO~4~ solution at 298.15 K using gravimetric method \[[@bib15], [@bib16], [@bib17], [@bib18], [@bib19]\]. We introduced our attention to find out the physicochemical and chemical factors associated with the solubility and the transfer Gibbs free energies and explained the relationship among solubility, solvation thermodynamics and stability of the studied amino acids in aqueous K~2~SO~4~ solution at 298.15 K. The research will definitely be helpful to improve our knowledge in the field of amino acid research such as chemical, physical, biochemical, engineering, pharmaceutical and industrial sciences.

2. Experimental {#sec2}
===============

2.1. Chemicals and purifications {#sec2.1}
--------------------------------

Glycine (E. Merck, INDIA), D,L-alanine (E. Merck, INDIA), D,L-nor-valine (\>99.8%, Sigma Aldrich) and D,L-serine (\>99.8 %, E. Merck, INDIA) were used after drying in vacuum desiccators at 370 K for 7 days*.* Potassium sulfate (K~2~SO~4~) of purity 99 % procured from E Merck, India. It was then dried in hot air oven at 500 K for 7 days and kept it for 3 days in vacuum desiccator prior to use. Triple distilled water (conductivity 0.6 μS/cm) was used in the entire study to prepare all aqueous solutions. Specifications of the compounds were summarized in [Table 1](#tbl1){ref-type="table"}.

2.2. Preparations of saturated solutions and solubility measurement {#sec2.2}
-------------------------------------------------------------------

The aqueous solution of K~2~SO~4~ with the concentrations of 0.0, 0.20, 0.30, 0.40, 0.50 and 0.65 in molality were prepared by dissolving required amount of K~2~SO~4~ in triple distilled water.

A low-to-high temperature controlling thermostat with an accuracy of ±0.10 K at atmospheric pressure (p = 0.1 MPa) was used for all measurements. The first step of the gravimetric method \[[@bib15], [@bib16], [@bib17], [@bib18], [@bib19]\] requires the preparation of a saturated solution of amino acids in a particular electrolyte solution having a certain concentration of K~2~SO~4~ at studied temperature and this solution was taken in a jacketed glass cell. The temperature was controlled at 298.15K by circulating thermo stated water in the jacket and such studied solution was continuously stirred for 12 h to achieve saturation equilibrium. The mixing process was then stopped and kept for 7h to settle down the undissolved amino acid. 5 mL of such saturated solution was collected from the clear phase using a dried pipette within a few seconds. The collected saturated solution was then filtered by using a 0.22 μm HPLC disposable filter and kept instantly into glass vessels and weighted. The solution was heated and evaporated to obtain dried mass in hot air over at 350 K. The dried mass was then cooled in a dehydrator containing silica gel for 24 h and weighed. The process was repeated till a constant mass appeared. For each experimental amino acid the above mentioned process was repeated thrice at desired temperature for a particular composition of the electrolyte and average value of the solubility of amino acid was determined. The solubility values in three measurements were found to be agreed within 2.5 %.

3. Results and discussion {#sec3}
=========================

3.1. Solubility and salting-in/salting-out effects {#sec3.1}
--------------------------------------------------

The mass of the dissolved amino acid in each 5 ml solution can be measured by knowing the amount of electrolyte in such solution (W~1~ g), weight of the empty glass vessel (W~2~ g), and glass vessel with dry sample (W~3~ g). If, the concentration of the electrolyte is 'c' then weight of 5 mL electrolyte salt would be W~1~ = (Mc×5/1000) g, where M is the molar mass of the electrolyte. Thus the weight of amino acid would be W = (W~3~─ W~2~─ W~1~) \[[@bib20], [@bib21]\]. Such weight of amino acid was converted to solubilities in mole per kg of pure water in the absence and presence of electrolyte (K~2~SO~4~). Though it is to be important to note that in many previous studies \[[@bib13], [@bib21], [@bib22]\] it has shown that that no weighable amount of precipitation or adsorption of electrolyte (K~2~SO~4~ in this study) on amino acid in solid phase will occur even in different content of amino acid as well as electrolyte mixtures. That is why in this study we also perform atomic absorption spectroscopy was done to make sure the chance of adsorption or assimilation of the salt and degradation of the sample on the solid-phase of the amino acids, in the mixture as it was done in previous works \[[@bib13], [@bib21], [@bib22]\]. Concentrations of cations in the aqueous electrolyte and in the amino acid--water-electrolyte systems were also compared to validate the fact that the electrolytes were not absorbed or incorporated on the solid phase of the amino acids i.e., the precipitate was formed only by the amino acid \[[@bib13], [@bib21], [@bib22]\]. Electrolyte solutions containing different concentration of amino acids in excess to saturation were made and cation concentrations were measured for comparison of cation concentration in each solution. The highest difference in the experimental results was observed as ±0.005 mol kg^−1^. This means that, in-spite of the existence of different amounts of amino acid in the solution, no significant quantity of electrolyte was precipitated or adsorbed on the solid phase of amino acid \[[@bib13], [@bib21], [@bib22]\]. This must proves that solid recovered was only the amino acids \[[@bib21], [@bib22]\].

Solubilities of the amino acids in aqueous medium in the absence and presence of K~2~SO~4~ salt in different concentrations are summarized in [Table 2](#tbl2){ref-type="table"} and variation is shown in [Fig. 1](#fig1){ref-type="fig"}. Results show that all the experimental amino acids are more soluble in the presence of K~2~SO~4~ whereas only D,L-alanine is less soluble after 0.30 molal concentration of K~2~SO~4~ under all experimental conditions. The relative solubilities also show the related changes in solubilities shown in [Table 3](#tbl3){ref-type="table"} & in [Fig. 2](#fig2){ref-type="fig"}. We also presented ([Table 2](#tbl2){ref-type="table"}) the literature solubility data done by Farid I. El-Dossoki [@bib21] for the same amino acids. In this regard it is to be said that the highest solubility of K~2~SO~4~ is 0.689 mol/kg in water at 298.15 K. But EI-Dossoki used 1.0 mol/kg K~2~SO~4~ solution at same temperature and measured the solubility upto that electrolyte concentration. But we are unable to make 1.0 mol/kg K~2~SO~4~ aqueous solution at 298.15 K. Definitely there was some error in the EI-Dossoki [@bib21] result in higher electrolyte concentration. Though the solubility trend is same however the literature results [@bib21] show slight higher solubility for all the experimental amino acids in aqueous electrolyte K~2~SO~4~ solution only exceptions are found in pure water for D,L-- nor-valine and D,L-serine. In pure water, D,L --nor-valine and D,L-serine show more solubility in the present work than the literature data. These differences might be due to use of different experimental set up, chemical used in the investigation in the earlier studied by Farid I. El-Dossoki [@bib21].Table 2Solubility (S) of glycine, D,L-alanine, D,L-nor-valine and D,L-serine in pure water and aqueous K~2~SO~4~ solution in mol·kg^−1^ at 298.15 K and atmospheric pressure (p = 0.1 MPa^**a**^) in the present study and in the literature [@bib21].Table 2Molality of salt (m)Solubility (S) in mol·kg^−1^ at 298.15 KGlycineD,L-alanineD,L-nor-valineD,L-serine0.003.3321.8000.6770.5293.338 [@bib21]1.895 [@bib21]0.605 [@bib21]\[0.479\]0.203.3861.8640.8830.7040.303.4221.8720.9450.8540.403.4401.8561.0300.9020.503.4661.8441.1281.0354.195 [@bib21]2.489 [@bib21]1.149 [@bib21]1.023 [@bib21]0.653.5081.8391.2041.504[^2]Fig. 1Variation of solubilities (mol·kg^−1^) with molality of K~2~SO~4~ in aqueous K~2~SO~4~ solution for glycine (■), D,L-alanine (●),D,L-serine (▼) and D,L-nor-valine (▲) at 298.15 K.Fig. 1Table 3Relative solubility (S~s~/S~R~) and log (S~S~/S~R~) of glycine, D,L-alanine, D,L-nor-valine and D,L-serine in aqueous K~2~SO~4~ solution in different compositions of K~2~SO~4~ at 298.15 K and atmospheric pressure (p = 0.1 MPa^a^) in the present study.Table 3Molality of KNO~3~(m)Relative Solubility (S~s~/S~R~) at 298.15 Klog (S~S~/S~R~)~298.15K~Glycine0.201.0160.006980.301.0270.011580.401.0320.013850.501.0400.017120.651.0520.02235D,L-alanine0.201.0360.015170.301.0400.017030.401.0310.013310.501.0240.010490.651.0220.00931D,L-nor-valine0.201.3040.115370.301.3960.144840.401.5210.182250.501.6660.221720.651.7780.25004D,L-serine0.201.3310.124110.301.6140.208000.401.7050.231750.501.9560.291480.652.8430.45379[^3]Fig. 2Relative solubility of glycine (■), D,L-alanine (●),D,L-serine (▼) and D,L-nor-valine (▲) with the molality of K~2~SO~4~ in aqueous K~2~SO~4~ solution at 298.15 K.Fig. 2

It clears from the solubility data that the electrolyte influences the solubilities of the amino acids notably \[[@bib18], [@bib23], [@bib24], [@bib25], [@bib26]\]. In previous studies by various researchers \[[@bib27], [@bib28], [@bib29], [@bib30]\] it was shown that the solubilities of the amino acids were affected greatly by the temperature of the solvation media. The regular increment of solubility glycine, D,L-nor-valine and D,L-serine in the presence of increasing concentration of K~2~SO~4~ probably is due to the 'salting-in effect' \[[@bib21], [@bib30]\]. This effect mainly comes up due to the interactions of the electrolyte ions (K^+^ and SO~4~^2-^) and water molecules with the hydrocarbon backbone and charged amino and carboxyl groups of zwitterionic amino acids. It is to be noted that crystal energy is a major factor for the solubility of the amino acids. Between glycine and DL-alanine, DL-alanine has higher crystal energy thus it shows lower solubility in the experimental solutions. Although the solubility of DL-alanine shows a slight increment in presence of electrolyte K~2~SO~4~ upto 0.30 molality but after that the solubility decreases. In lower concentration of electrolyte DL-alanine forms ion-pair complexes strongly with the cation and anion of the electrolyte due to good agreement of sizes of zwitterion and electrolyte ions. The ion pair complex is a complex which is formed in between zwitterion of the amino acid and the electrolyte anion and cation. The amino acids, existing as zwitterions A^−^A^+^ in the solution system, may form soluble ion pair complexes (due to cavity forming interaction) like A^−^A^+^ + C^+^X^−^ ↔ C^+^(A^−^A^+^) X^−^ with the cation C^+^ (here K^+^) and anion X^−^ (here SO~4~^-^) of such electrolyte. The difference in the solubility trends of amino acids in the absence and presence of electrolytes which is observed as salting-in or salting-out effect is most likely due to this kind of complexes formed in the aqueous solution by the different amino acids with the cations and anions. In lower concentration the ion-pair formation gets most favourable which suggests salting-in effect. On the other hand in higher concentration of electrolytes the ion-pair formation is diminished because there might be grow the steric hindrance and cationophilic interaction towards the ion-pair complexes hence solubility of DL-alanine is decreased according to its crystal energy. This type of solubility effect for D,L-alanine also found in many previous literature in different experimental conditions \[[@bib17], [@bib18], [@bib31], [@bib32]\]. Mainly the chemical structures and structural orientation of the amino acid comprises a crucial depending ability for the 'salting-in and 'salting-out' effects \[[@bib21], [@bib30]\]. To realize the 'salting-in and 'salting-out' effects very precisely the relative solubility measurement for the amino acids at a particular temperature is very imperative at each point of electrolyte concentrations. The trend of salting-out and salting-in effects are given and explain by the constant, *K*~*si*~, the quantitative estimate of salting-in and salting-out effects which are determined by the use of [Eq. (1)](#fd1){ref-type="disp-formula"} \[[@bib7], [@bib19], [@bib21]\] and offered in [Table 4](#tbl4){ref-type="table"}.$$\log\left( \frac{S_{S}}{S_{R}} \right) = \ K_{si}C$$where, S~S~ is the solubility of amino acid in aqueous K~2~SO~4~ mixtures with concentration (C) in molality, and S~R~ is the solubility of respective amino acid in pure water. The log (S~S~/S~R~) values are used from [Table 3](#tbl3){ref-type="table"} and log (S~S~/S~R~) *vs.* 'C' in molality plot is shown by [Fig. 3](#fig3){ref-type="fig"}. The linear relationship of log (S~S~/S~R~) *vs*. 'C' was then employed to estimate the values of *K*~*si*~ for the experimental amino acids which are shown in [Table 4](#tbl4){ref-type="table"}. The observed values of *K*~*si*~ in aqueous K~2~SO~4~ solvent system provide necessary proofs to the trend in present experimental solubility results stated in [Table 2](#tbl2){ref-type="table"}. The finding positive values of *K*~si~ support the experimental conclusions on salting-in effect of K~2~SO~4~ for glycine, D,L-nor-valine and for D,L-serine and the slight negative value of the constant indicates salting-out effect for D,L-alanine in aqueous K~2~SO~4~ solvent system ([Table 4](#tbl4){ref-type="table"}).Table 4Salting-in and Salting-out constants of glycine, D,L-alanine, D,L-nor-valine and D,L-serine in presence of K~2~SO~4~ in solution at 298.15 KTable 4Amino Acids*K*~*si298.15\ K*~Glycine0.03301 ± 0.00166D,L-alanine− 0.0165 ± 0.00459D,L-nor-valine0.31133 ± 0.02334D,L-serine0.68756 ± 0.08783Fig. 3Logarithm of the ratio of solubilities S~S~ with and S~R~ without electrolytes for glycine (■), D,L-alanine (●),D,L-serine (▼) and D,L-nor-valine (▲) with the molality of K~2~SO~4~ in aqueous K~2~SO~4~ solution at 298.15 K.Fig. 3

The more positive value of *K*~si~ indicates more salting-in effect and negative value indicate salting-out effect. For the present amino acids the trend of salting-in effect is as follows: D,L-alanine \< glycine \< D,L-nor-valine \< D,L-serine ([Table 4](#tbl4){ref-type="table"}).

3.2. Transfer free energetics {#sec3.2}
-----------------------------

The molal solubilities in the aqueous-electrolyte as well as in pure water were used to determine apparent standard Gibbs energy of solutions ($\Delta G_{s}^{0}\left( i \right)$) on molal scale using [Eq. (2)](#fd2){ref-type="disp-formula"} \[[@bib33], [@bib34], [@bib35], [@bib36]\].$$\Delta G_{S}^{0}\left( i \right) \approx \  - RT\ \text{ln}\left( S \right)$$'S' is the experimental saturated solubility of the amino acids in mol·kg^−1^. The apparent standard Gibbs energy of solutions ($\Delta G_{s}^{0}\left( i \right)$) were shown in [Table 5](#tbl5){ref-type="table"}.Table 5Values of ΔG~s~^0^(i) from present experimental solubility and literature solubility of glycine, D,L-alanine, D,L-nor-valine and D,L-serine in aqueous K~2~SO~4~ solution in kJ·mol^−1^.Table 5Molality of saltΔG~s~^0^(i) from present solubility kJ·mol^−1^GlycineD,L-alanineD,L-nor-valineD,L-serine0.00−2.983−1.4570.9671.5780.20−3.023−1.5440.3080.8700.30−3.049−1.5540.1400.3910.40−3.063−1.533−0.0730.2560.50−3.081−1.517−0.299−0.0850.65−3.111−1.510−0.460−1.012

The transfer Gibbs energy of solutions was calculated by [Eq. (3)](#fd3){ref-type="disp-formula"} \[[@bib37], [@bib38]\].$$\Delta G_{tr}^{0}\left( S \right) = \ RT\ \ln\left( S_{R}/S_{s} \right)$$where, the subscripts R and S are for water and aqueous-electrolyte respectively. The standard transfer free energies in mole fraction scale, $\Delta G_{tr}^{0}\left( i \right)$was calculated by \[[@bib11], [@bib38]\].$$\Delta G_{tr}^{0}\left( i \right) = \Delta G_{tr}^{0}\left( s \right) - RT\ \ln\left( M_{s}/M_{R} \right)$$where M~s~ and M~R~ refer to the molar mass of electrolyte (K~2~SO~4~) mixture and reference solvent (water) respectively. The values of $\Delta G_{tr}^{0}\left( i \right)$ are shown in [Table 6](#tbl6){ref-type="table"}. [Fig. 4](#fig4){ref-type="fig"} corresponds to the variation of $\Delta G_{tr}^{0}\left( i \right)$ for the amino acids with molality of K~2~SO~4~ at 298.15.Table 6Gibbs energies of transfer $\Delta G_{tr}^{0}$(i), $\Delta G_{tr,cav}^{0}$(i), $\Delta G_{tr,dd}^{0}$(i), $\Delta G_{tr,ch}^{0}$(i) of glycine, D,L-alanine, D,L-nor-valine and D,L-serine in aqueous K~2~SO~4~ solution in kJ·mol^−1^.Table 6Molality of KNO~3~ (m)$\Delta G_{tr}^{0}$(i) kJ mol^−1^$\Delta G_{tr,cav}^{0}$(i) kJ mol^−1^$\Delta G_{tr,dd}^{0}$(i) kJ·mol^−1^$\Delta G_{tr,ch}^{0}$(i) kJ mol^−1^Glycine000000.20−0.116−0.2300.0130.1010.30−0.179−0.3400.0350.1260.40−0.229−0.4480.0590.1600.50−0.282−0.5460.0860.1780.65−0.365−0.6970.1490.183D,L-alanine000000.20−0.163−0.2470.0110.0730.30−0.211−0.3650.0290.1250.40−0.226−0.4800.0490.2050.50−0.244−0.5850.0730.2680.65−0.291−0.7470.1270.329D,L-nor-valine000000.20−0.735−0.2740.009−0.4700.30−0.940−0.4050.023−0.5580.40−1.190−0.5310.039−0.6980.50−1.449−0.6480.058−0.8590.65−1.665−0.8260.099−0.938D,L-serine000000.20−0.785−0.2400.006−0.5510.30−1.300−0.3540.016−0.9620.40−1.473−0.4650.026−1.0340.50−1.848−0.5680.039−1.3190.65−2.828−0.7240.067−2.171[^4]Fig. 4Variation of $\Delta G_{tr}^{0}$(i)in kJ·mol^−1^with molality of K~2~SO~4~ in aqueous K~2~SO~4~ solution for glycine (■), D,L-alanine (●),D,L-serine (▼) and D,L-nor-valine (▲) at 298.15 K.Fig. 4

The $\Delta G_{tr}^{0}\left( i \right)$may be ascribed as the sum of the following terms neglecting the contribution of dipole-induced dipole term \[[@bib15], [@bib16], [@bib27], [@bib28], [@bib34]\]:$$\Delta G_{tr}^{0}\left( i \right) = \Delta G_{tr,cav}^{0}\left( i \right) + \Delta G_{tr,d - d}^{0}\left( i \right) + \Delta G_{tr,ch}^{0}\left( i \right)$$

Here, $\Delta G_{tr,cav}^{0}\left( i \right)$ represents the transfer free energy due to cavity effect of species in pure water and aquo-ionic media. $\Delta G_{tr,d - d}^{0}\left( i \right)$ is due to dipole-dipole interaction between dipolar amino acid and solvent molecules. $\Delta G_{tr,ch}^{0}\left( i \right)$signifies the effects rising from acid-base or short-range dispersion interaction, hydrophilic or hydrophobic hydration and structural effects. $\Delta G_{tr,cav}^{0}\left( i \right)$were calculated based on scaled particle theory \[[@bib27], [@bib39], [@bib40]\]. According to this theory, we can assume that solute and solvent molecules are equivalent hard sphere models as dictated by their respective diameters (Table 7a and b). [Eq. (6)](#fd6){ref-type="disp-formula"} was applied in calculating cavity \[[@bib27], [@bib28], [@bib34], [@bib39]\] as follows:$$\Delta G_{cav}^{0}\left( i \right) = G_{C} + RT\ \ln\left( RT/V_{S} \right)$$WhereTable 7aValues of solute/solvent parameters: mole fraction of K~2~SO~4~ (Z~s~), molality of K~2~SO~4~ in water (m), mole fraction of water (Z~R~), molar mass of cosolvent (M~s~), density (d~s~), hard sphere diameter of co-solvent ($\sigma_{x}$) (K~2~SO~4~+H~2~O) and apparent dipole moment of co-solvent ($\mu_{s}$), and thermal expansibility constant (α) of H~2~O + K~2~SO~4~ solution at 298.15K.Table 7aMolality of K~2~SO~4~ (m)Mole fraction (z~s)~Mole fraction (z~R~)Molar mass (M~S~)Density (ds) (kg. dm-^3^)Molar Vol.(Vs) (dm^3^.mol^−1^)$\sigma_{s}$ (nm)Apparent Dipole Moment ($\mu_{s}$) (D)α (x 10^3^)0.000.00001.000018.0150.9970^\#^18.069210.2741.831\*0.257\*0.200.00360.996418.57751.0029918.522120.2751.8310.2570.300.00540.994618.85871.0059818.74660.2761.8310.2570.400.00720.992819.13991.0089718.969740.2761.8310.2570.500.00890.991119.40561.011819.179280.2761.8310.2570.650.01160.988419.82741.0162919.509590.2771.8310.257[^5]Table 7bValues of $\sigma_{s - x} = \frac{1}{2}\left( \sigma_{s} + \sigma_{x} \right)$ of the amino acids present in water-electrolytes systems at 298.15 K.Table 7bMolality of K~2~SO~4~ (m)$\sigma_{s}$ (nm)$\sigma_{s - x}$ (nm) Glycine$\sigma_{s - x}$ (nm) D,L-alanine$\sigma_{s - x}$ (nm) D,L- nor-valine$\sigma_{s - x}$ (nm) D,L-serine0.000.2740.4190.4450.4830.4340.200.2750.4190.4450.4830.4340.300.2760.4200.4460.4840.4350.400.2760.4200.4460.4840.4350.500.2760.4200.4460.4840.4350.650.2770.4210.4470.4850.436[^6]

$\left. {G_{C} = RT\left\lbrack - \ln\left( 1 - Z \right) + \left\{ 3X/\left( 1 - Z \right) \right\}\sigma_{x} + \left\{ 3Y/\left( 1 - Z \right) \right\}{\sigma_{x}}^{2} + \left\{ 9X^{2}/2\left( 1 - Z \right) \right. \right.}^{2} \right\}\left. {\sigma_{x}}^{2} \right\rbrack$$Ζ = \pi N_{A}/6V_{s}\left( z_{R}{\sigma_{R}}^{3} + z_{s}{\sigma_{s}}^{3} \right)$$X = \pi N_{A}/6V_{s}\left( z_{R}{\sigma_{R}}^{2} + z_{s}{\sigma_{s}}^{2} \right)$$Y = \pi N_{A}/6V_{s}\left( z_{R}\sigma_{R} + z_{s}\sigma_{s} \right)$$V_{s} = Μ_{s}/d_{s}$

where *N*~*A*~ is the Avogadro\'s number, z~R~ and z~s~ are the mole fraction of water and salts respectively. '$\sigma_{x}$', '$\sigma_{R}$~'~and '$\sigma_{s}$' stand for hard sphere diameters of amino acids, water and co-solvent respectively. M~s~ is the molar mass of the electrolyte solvents whereas 'd~s~' is molar density of the same.

Finally, $\Delta G_{tr,cav}^{0}\left( i \right)$represents the difference.$$\Delta G_{tr,cav}^{0}\left( i \right){= \text{~\!}}_{S}\Delta G_{cav}^{0}\left( cav \right) -_{R}\Delta G_{cav}^{0}\left( cav \right) = \left( SG_{c} -_{R}G_{c} \right) + RT\ \ln\left( V_{R}/V_{s} \right)$$

Appropriate solvent parameters of Table 7a and b were used to calculate $\Delta G_{tr,cav}^{0}\left( i \right)$ .

The $\Delta G_{tr,d - d}^{0}\left( i \right)$ values were evaluated as shown below \[[@bib27], [@bib34]\].$$$$

In a solvent, 's', the expression of $$is described as follows:$$$$$${\text{where~\!}A = - \left( 8\Pi/9 \right)N^{2}\mu_{s}^{2}\mu_{x}^{2}\sigma_{s - x}^{- 3}\left( k \right)}^{- 1}$$$$\text{and~\!}\ V_{s} = M_{s}/d_{s}$$Here N is the Avogadro^\'^s number whereas $\mu_{s}$ and $\mu_{x}$are the dipole moments of solvent and amino acid molecules, respectively (Table 7a and b), $\sigma_{s - x}$ expresses the distance in which the attractive and repulsive interactions between the solvent and solute molecules are the same and it is generally equal to $\frac{1}{2}\sigma_{s} + \sigma_{x}$, where $\sigma_{s}$ and $\sigma_{x}$are the hard sphere diameter of solvent and solute molecules, respectively. Here $\mu_{x}$and $\sigma_{s}$for such mixed binary solvent system are computed with the variation of mole fraction and are summarized in Table 7a and b. The quantity was further multiplied by the term $X_{s1}$ following of Marcus [@bib40] in order to obtain $\Delta G_{tr,d - d}^{0}\left( i \right)$term on mole fraction scale. The expression of $X_{s1}$ is given as:$$X_{s1} = X_{s}\left( \mu_{s}/\sigma_{s}^{3} \right)/\left( \mu_{R}/\sigma_{R}^{3} \right)$$

It is important to note that $X_{s1}$ is the real mole fraction contribution owing to the dipole-dipole interaction.

The values of $\Delta G_{tr}^{0}\left( i \right)$ ([Fig. 4](#fig4){ref-type="fig"}) show a negative trend for all the experimental amino acids except D,L-alanine which shows a slight deviation in higher concentration of K~2~SO~4~ in solution. The $\Delta G_{tr}^{0}\left( i \right)$ results suggest that D,L-alanine is slightly unstable in higher mass of K~2~SO~4~ in solution whereas glycine, D,L-nor-valine and D,L-serine are more stable in the aqueous potassium sulfate solution rather than in pure water.

The $\Delta G_{tr,cav}^{0}\left( i \right)$values ([Table 6](#tbl6){ref-type="table"}) for the amino acids show that DL-nor-valine is more stable whereas glycine shows less stable in aqueous mixtures of K~2~SO~4~. The order of stability is as: glycine \< DL-serine \< DL-alanine \< DL-nor-valine. The observed stability order explained that the comparatively larger amino acids forms cavity easily in water-electrolyte (K~2~SO~4~) mixture rather than in pure water. It is because $\Delta G_{t,cav}^{0}\left( i \right)$ values are directed by the hard sphere diameter of solute, solvent and density of the solvent mixtures ([Eq. 6](#fd6){ref-type="disp-formula"}). The hard sphere diameter of K~2~SO~4~ (5.92 Å) [@bib19] is higher than that of pure water molecule (2.74 Å) \[[@bib30], [@bib34], [@bib40]\] and therefore the solvated K~2~SO~4~ mixture is more suitable for cavity creation for the larger amino acid than the smaller amino acid.

Δ$G_{t,d - d}^{0}$(i) values show negative increment in the order: glycine \< D,L-alanine \< D,L-nor-valine \< D,L-serine, in aqueous electrolytes solvent systems ([Table 6](#tbl6){ref-type="table"}). This directs to conclude that D,L-serine is more stabilized by the dipole-dipole interaction between the solute and solvent molecules in both the aqueous electrolyte solutions.

Here Δ$G_{t,d - d}^{0}$(i) values, which are acquired after subtraction of ~R~Δ$G_{t,d - d}^{0}$(i) from ~S~Δ$G_{t,d - d}^{0}$(i), depend on dipole moment of solute and co-solvents system and on the hard-sphere diameter of solute and co-solvent molecules.

Since, Δ$G_{tr}^{0}$(i) = Δ$G_{tr,cav}^{0}$(i) + Δ$G_{tr,d - d}^{0}$(i) +Δ$G_{tr,ch}^{0}$(i)

Hence, the values $\Delta G_{tr,cav}^{0}\left( i \right)$and $\Delta G_{tr,d - d}^{0}\left( i \right)$are subtracted from $\Delta G_{tr}^{0}\left( i \right)$to get $\Delta G_{tr,ch}^{0}\left( i \right)$ of amino acid and the values are shown in [Table 6](#tbl6){ref-type="table"}. The value of $\Delta G_{tr,ch}^{0}\left( i \right)$is illustrated in [Fig. 5](#fig5){ref-type="fig"}.Fig. 5Variation of $\Delta G_{tr,ch}^{0}$(i)in kJ·mol^−1^with molality concentration of K~2~SO~4~ in aqueous K~2~SO~4~ solution for glycine (■), D,L-alanine (●),D,L-serine (▼) and D,L-nor-valine (▲) at 298.15 K.Fig. 5

In the solute solvent mixed system, there involves various types of chemical and other interactions such as partial Gibbs energy of activation of viscous flow per mole of solvent, and per mole of solute, viscosity, acid-base, H-bonding, hydrophilic and hydrophobic interactions, hard-soft and dispersion interactions depending upon the structural variations of the solute and solvent molecules \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46]\].

From [Fig. 5](#fig5){ref-type="fig"} it is observed that D,L-serine and D,L-nor-valine shows more stability rather than glycine and D,L-alanine in higher concentration of electrolyte solution. Among the four amino acids, DL-serine shows the highest stability in the electrolytes solvent systems. Hence the chemical stability order of these amino acids in aqueous K~2~SO~4~ is as follow: D,L-serine \> D,L- nor-valine \> glycine \> D,L-alanine.

The observed stability order of the amino acids having structural differences arises mainly due to the presence different side chains in their structure ([Table 1](#tbl1){ref-type="table"}). D,L-serine contains --OH group whereas other three amino acids do not contain OH group. The nonexistence of --OH group in other three amino acids show lesser dipole-dipole, hydrophilic and acid-base typesof chemical interactions with aqueous as well as aqueous K~2~SO~4~ solutions. Butthe former types of interactions are strongly favourable for DL-serine which directs to its maximum stability among the present four amino acids in the aqueous electrolytesolvent systems.

D,L-nor-valine is the second most stable in aqueous K~2~SO~4~ solutions in terms of chemical types of interaction because summation of negative trends of cavity forming and dipole-dipole interactions overcomes the total transfer free energetics. This leads to negative chemical transfer Gibbs free energetics resulting higher stability rather than other two amino acids i.e. glycine and D,L-alanine.This type of results might be due to the size factor of the amino acid and aqueous electrolyte mixtures. The dipole moment and size of D,L-nor-valine (6.92 Å) \[[@bib27], [@bib34]\] matched properly to interact like dipole-dipole or to create cavity with the aqueous K~2~SO~4~ molecules (5.92 Å) [@bib19] respectively. On the other hand, DL-alanine gets third highest stability in terms of cavity forming interaction in whole range of electrolyte concentration due its size factor but the dipole-dipole interaction does not supports its more stability in higher concentration of electrolyte. Resulting more stability of glycine in higher content of K~2~SO~4~ molecules in water due moment due to involvement of chemicals interactions i.e. the overall stability of D,L-alanine becomes fourth in position among the present amino acids in aqueous K~2~SO~4~solutions. The amino acid glycine shows slight higher stability in higher content of K~2~SO~4~ moleculesin solution due to chemical types of interactions.

4. Conclusion {#sec4}
=============

The present study showed that of solubility of the experimental amino acids in aqueous K~2~SO~4~ solution is as follows: glycine \> D,L-alanine \> D,L-nor-valine \> D,L-serine. But the same trend of salting-in effect is as follows: D,L-alanine \< glycine \< D,L-nor-valine \< D,L-serine. The fact is supported by salting-in and salting-out constants which are fully agreed with the actual chemical stability of the amino acids as: D,L-serine \> D,L- nor-valine \> glycine \> D,L-alanine.

The solubility trends for first three amino acids in current study i.e. glycine \> D,L-alanine \> D,L-nor-valine have good agreement with our previous work with Na~2~SO~4~ [@bib11], but reverse trends of transfer Gibbs free energetics were found. This interesting behavior might be due to different size factors of Na^+^ and K^+^ cations with common anion. From the above result it could be concluded that the chemical stability of the amino acids is governed by the size and nature of cation or anion of the solvent molecules and also directed by the suitable size of the amino acids and the hydrophobic or hydrophilic character of their side chain.
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[^1]: Stated by the supplier.

[^2]: u(T) = ±0.10 K; u(m) = ±0.01; relative uncertainties of pressure is u~r~(p) = 0.02^a^.

[^3]: u(T) = ±0.10 K; u(m) = ±0.01; relative uncertainties of pressure is u~r~(p) = 0.02^a^.

[^4]: The required diameter of glycine, DL-alanine, DL-nor-valine and DL-serine are 5.64 Å, 6.16 Å, 6.92 Å and 5.93 Å respectively \[[@bib15], [@bib16], [@bib27]\]. The dipole moment of glycine, DL-alanine, DL-nor-valine and DL-serine are 15.7 D, 15.9 D, 16.0 D and 11.10 D respectively \[[@bib15], [@bib16], [@bib27]\].

[^5]: u(T) = ± 0.10 K; ^\#,^ \* For reference [@bib40].Density, molar mass, size and dipole moment values of K~2~SO~4~, 2.66 g mol^−1^, 174.259, and 5.92 Å respectively are taken from reference [@bib19] and internet sources.The required diameter of glycine, DL-alanine, DL-nor-valine and DL-serine are 5.64 Å, 6.16 Å, 6.92 Å and 5.93 Å respectively \[[@bib15], [@bib16], [@bib27]\]. The dipole moment of glycine, DL-alanine, DL-nor-valine and DL-serine are 15.7 D, 15.9 D, 16.0 D and 11.10 D respectively \[[@bib15], [@bib16], [@bib27]\].

[^6]: The required diameter of glycine, DL-alanine, DL-nor-valine and DL-serine are 5.64 Å, 6.16 Å, 6.92 Å, 5.93 Å and water 2.74 Å respectively were taken from refs. \[[@bib15], [@bib16], [@bib27], [@bib40]\].
